Scanning nanoscale superconducting quantum interference devices (SQUIDs) are gaining interest as highly sensitive microscopic magnetic and thermal characterization tools of quantum and topological states of matter and devices. Here we introduce a novel technique of collimated differential-pressure magnetron sputtering for versatile self-aligned fabrication of SQUID-on-tip (SOT) nanodevices, which cannot be produced by conventional sputtering methods due to their diffusive, rather than the required directional point-source, deposition. The new technique provides access to a broad range of superconducting materials and alloys beyond the elemental superconductors employed in the existing thermal deposition methods, opening the route to greatly enhanced SOT characteristics and functionalities. Utilizing this method, we have developed MoRe SOT devices with sub-50 nm diameter, magnetic flux sensitivity of 1.2 µΦ0/Hz 1/2 up to 3 T at 4.2 K, and thermal sensitivity better than 4 µK/Hz 1/2 up to 5 T -about five times higher than any previous report -paving the way to nanoscale imaging of magnetic and spintronic phenomena and of dissipation mechanisms in previously inaccessible quantum states of matter.
Scanning probe microscopy based on micro-and nano-scale superconducting quantum interference devices (SQUIDs) has attracted growing attention in recent years in a broad range of fields [1] [2] [3] [4] [5] [6] [7] [8] [9] . The significant technological advances in the development of versatile scanning SQUID probes and imaging methods have led to key insights into microscopic properties of superconductors [4, 10, 11] , vortex dynamics [12] [13] [14] [15] [16] , magnetism at oxide interfaces [17] [18] [19] [20] [21] , edge transport and magnetism in topological states of matter [22] [23] [24] , and dynamics of phase transitions [25] . The two main approaches to the fabrication of scanning SQUIDs are based on planar lithographic techniques [26] [27] [28] [29] [30] [31] [32] [33] and on self-aligned deposition on a quartz pipette, forming a SQUID-on-tip (SOT) [34] [35] [36] [37] [38] . The planar scanning SQUIDs have major advantages in terms of robustness, high sensitivity for imaging local magnetic fields and currents, variable sample temperature, and integration of multifunctional capabilities including local susceptibility measurements and local stress response characterization [26, 29, 30, 39] . The scanning SOTs, on the other hand, have the benefits of nanoscale spatial resolution, high spin sensitivity, and operation at elevated magnetic fields [36] . Moreover, the SOT has recently been demonstrated to have outstanding temperature sensitivity, establishing a new tool of cryogenic thermal imaging that allows spatially resolved study of nanoscale dissipation processes in quantum systems [40, 41] . The combination of record thermal and spin sensitivities renders the scanning SOT a powerful tool for investigation of a wide range of novel materials and quantum states of matter. One of the main limitations of SOTs hitherto, however, has been the restricted range of working temperatures and magnetic fields. As a concrete example, scanning SOT thermometry has been recently utilized to image work and dissipation in the quantum Hall state in graphene, revealing the microscopic mechanisms undermining dissipationless transport due to edge reconstruction [42] . Study of dissipation and of the various predicted edge structures in the fractional quantum Hall state, however, is currently unattainable with the existing SOTs due to the required high-field and low-temperature operation. Here we present a new fabrication method that establishes a versatile platform for greatly diversifying the applicable superconducting materials and thus significantly expands the range of SOT characteristics and potential functionalities. Utilizing this method we fabricated MoRe SOTs that operate in fields of up to 5 T opening the route to nanoscale magnetic studies and thermal imaging of dissipation mechanisms in previously inaccessible quantum states of matter.
In contrast to planar SQUID devices, SOTs require no lithographic or microfabrication processes. Their fabrication is based on self-aligned deposition of a superconductor onto a pulled, hollow quartz pipette using three deposition steps [34, 36] . Superconducting leads are formed on the opposite sides of the pipette by two depositions with the pipette rotated by ±110° about an axis perpendicular to its length, followed by a head-on deposition of a superconducting loop at the pipette apex. In order to prevent shorting between the leads, this self-aligned method requires deposition from a point-like source, and hence heretofore the SOTs were fabricated only by physical vapor deposition, using thermal evaporation from a resistive boat or from an electron-beam source. Since thermal deposition, except in rare cases, causes fractionalization of alloys, it is usually limited to elemental materials. Therefore, SOT fabrication has been demonstrated so far only with Al [34] , Pb [36] [37] [38] 40, 41] , Nb [36] , and In [23, 24] . The restriction of using only elemental superconductors poses a severe limitation on the applicable superconducting materials and the corresponding SOT characteristics, including the critical temperature ܶ and the critical magnetic field ‫ܪ‬ ଶ .
Sputtering is the most common method for thin-film deposition of superconducting devices [43] [44] [45] [46] [47] . Applying this technique would open a new avenue for SOT fabrication from a wide range of materials and alloys, including multilayer structures, thus allowing optimization of SOT parameters for numerous applications. Conventional sputtering methods, however, are incompatible with the self-aligned SOT fabrication, which requires a point-like source and ballistic line-of-sight propagation of the deposition elements. Sputtering targets are usually large, leading to deposition from a wide range of angles, and the sputtering process requires relatively high gas pressures (~5-10 mTorr) resulting in diffusive propagation of the elements. As a result, such deposition produces an almost isotropic coating of the pipette over its entire surface, thus shorting the superconducting electrodes (as confirmed by our early tests).
FIG. 1: (a)
A schematic drawing of the collimated differential-pressure sputtering method. The sputter gun is sealed in a small sputtering chamber and the collimator allows the sputtered elements to deposit on the quartz pipette placed under it in the main UHV chamber. P is the pressure gauge used to measure the pressure inside the sputtering chamber. Several groups have developed collimated sputtering [48] [49] [50] for deposition on large wafers using a matrix of collimation plates and lower than usual sputtering pressure of ~10 -4 Torr to prevent diffusive scattering. To sustain the plasma at such a low pressure, however, it is necessary to complement the sputter source with an electron gun.
Here we present a novel collimated differential-pressure magnetron sputtering method for small substrates implemented by a simple addition of a "sputtering chamber" to a commercial sputtering source (AJA A320) that does not necessitate an additional electron source (Fig. 1) . The Ar gas is continuously supplied to the sputtering chamber through a feed tube and an additional tube provided for monitoring the gas pressure in the chamber (Figs. 1a,b) . A collimator with a racetrack cross section of ~2×20 mm 2 and 25 mm long (Figs. 1b,c) allows the Ar gas and the sputtered elements to flow into the cryopumped ultra-high vacuum (UHV) chamber whose base pressure is 1×10 -9 Torr. The SOT deposition assembly is placed about 20 mm below the collimator (Fig. 1d) . A quartz crystal thickness monitor is placed under a Ø3 mm and 5 mm long tube for monitoring the deposition rate. The flow impedances of the collimator and tube were designed to maintain a large pressure difference between the two chambers. By tuning the flow of the incoming Ar, the pressure inside the sputtering chamber was set to ~5 mTorr, while the pressure inside the UHV chamber increased only to ~5×10 -6 Torr, thus eliminating the need for a throttle valve used to maintain the required high pressure in conventional sputtering systems. These pressures allow proper operation of the sputter gun on the one hand, while offering the ballistic-flow deposition from a narrow source, as required for the SOT selfaligned fabrication, on the other hand.
Utilizing this setup, we have fabricated SOT devices using a 50-50 weight percent MoRe target. A grooved quartz tube [38] was pulled to a sharp pipette, followed by three deposition steps at different tilt angles (Figs. 1c,d ) that formed the two superconducting electrodes connected to a superconducting ring at the tip apex. We used the common sputtering conditions [44] [45] [46] [47] with Ar pressure of ~5 mTorr and 300W DC power. The MoRe film thickness was 15 to 20 nm, deposited at a rate of ~1.5 Å/sec. Several MoRe SOTs with various diameters were fabricated and some of them were vacuum annealed at 700 o C for 1 hour to improve film quality. The SEM micrograph of a 105 nm diameter MoRe SOT in Fig. 1e shows a clear gap between the two electrodes. A sharp gap is well resolved even in a very small SOT with an apex diameter of 49 nm (Fig. 1f) , indicating that the collimated sputtered atoms propagate ballistically. The effective SOT diameters ‫ܦ‬ were extracted from the magnetic field periodicity Δ‫ܤ‬ of quantum interference pattern of the SQUID critical current, ‫ܦ‬ = 2ඥΦ /ߨΔ‫,ܤ‬ where Φ = ℎ/2݁ is the magnetic flux quantum, ℎ is Planck's constant and ݁ the electron charge.
The MoRe SOTs were characterized at 4.2 K using the electrical circuit in Fig. 2a . The voltage source ܸ combined with the large bias resistor ܴ act as a current source with a bias current ‫ܫ‬ = ܸ /ܴ while the small shunt resistor, ܴ ௦ ≪ ܴ , provides an effective voltage bias to the SOT (ܴ is the parasitic resistance of wires and SOT contacts). In addition to the external shunt ܴ ௦ , the SOT is resistively shunted by a gold thin film deposited onto the pipette at a distance of ~0.5 mm away from the tip apex that bridges the two superconducting leads. This on-tip shunt resistance ܴ ௦ damps the SOT high frequency dynamics, suppressing hysteresis. The current through the SOT, ‫ܫ‬ ௌை் , was measured using a cryogenic SQUID series array amplifier (SSAA) [51] . Figure 2a presents the measured current-voltage characteristics ‫ܫ‬ ௌை் ሺܸ ሻ of the 49 nm diameter SOT (device A, Fig. 1f) at several values of the applied field ‫ܤ‬ , while the corresponding calculated ‫ܫ‬ ௌை் ሺܸ ௌை் ሻ are shown in Fig. 2b . The ‫ܫ‬ ௌை் ሺܸ ௌை் ሻ characteristics of the SOT show overdamped behavior with critical current of ‫ܫ‬ = 35 μA at zero magnetic field and the high-bias differential resistance determined by ܴ ௦ ≅ 5.9 Ω. The SOT remains superconducting even at ‫ܤ‬ = 5 T (the maximal field in our setup) with ‫ܫ‬ = 4 μA. The critical magnetic field ‫ܪ(‬ ଶ ) of the MoRe being over 5 T indicates that the SOT can operate over a very wide range of magnetic fields, about five times higher than in the previously reported Pb and Nb SOTs [36] . The ‫ܫ‬ is found to increase significantly with annealing, indicating improved MoRe film quality, consistent with previous studies [47, 52] . Figure 2c shows the quantum interference pattern of MoRe SOT device B that was annealed in vacuum at 700 o C for one hour. It presents the color-rendered differential resistance ܸ݀ ௌை் ‫ܫ݀/‬ ௌை் vs. ‫ܤ‬ and ‫ܫ‬ ௌை் derived from the measured current-voltage characteristics. The modulation period of 0.42 T corresponds to an effective SQUID loop diameter of 79 nm. A slight canting and a relative shift in the modulation patterns for positive and negative biases is observed, which indicates a small asymmetry in the critical current of the two junctions. The quantum interference patterns with prominent oscillations in ‫ܫ‬ persist up to record high magnetic field of 5 T. The patterns are smooth and periodic up to ‫ܤ‬ ≅ 3 T, while at higher fields the modulation becomes irregular and the modulation depth decreases.
The magnetic response function ‫ܫ݀‬ ௌை் ‫ܤ݀/‬ of the SOT (device B), presented in Fig. 2d , shows high values up to 3.5 T followed by a pronounced decrease at higher fields as the field modulation of ‫ܫ‬ decreases. The spectral density of the current noise of device B (Fig. 3a) exhibits 1/݂ behavior at low frequencies followed by white noise above ~200 Hz and is only weakly magnetic field dependent as demonstrated by the 0 and 3 T curves in Fig. 3a . The white noise reaches 11 pA/Hz 1/2 in device B and 8 pA/Hz 1/2 in device C (∅105 nm, Fig. 1e) . These values are comparable to the state-of-the-art Pb SOT devices [36, 38, 40, 41] . By applying a constant bias ܸ = 0.02 V to device B and measuring the white noise ܵ ூ ଵ/ଶ and the magnetic response peaks and valleys corresponding to the regions of low and high magnetic response of the interference pattern, respectively. In the sensitive regions, the MoRe SOT flux noise ܵ ଵ/ଶ of 0.9 to 1.5 µΦ0/Hz 1/2 is lower than that of previously reported Al and Nb SOTs [34, 36] , but significantly higher than that of Pb SOTs [36, 38] . This reduced sensitivity is a result of two factors. Firstly, lower critical current ‫ܫ‬ leading to lower magnetic response, and secondly, slightly higher current noise ܵ ூ ଵ/ଶ . Achieving higher critical currents should be possible by further tuning of the deposition parameters. The remarkable feature in Fig. 3b , however, is the unprecedentedly wide range of operating fields, 0 to 3 T, which is essential for the study of high-field magnetic and transport phenomena in condensed matter systems. The right-hand axis of Fig. 3b shows the corresponding spectral density of the spin noise, ܵ ୬ ଵ/ଶ , of the SOT in units of µB/Hz 1/2 calculated using [53] Scanning SOT microscopy has recently been applied to cryogenic nanoscale thermal imaging [40, 41] . In order to characterize the thermal sensitivity of the MoRe SOTs, the current-voltage characteristics at a constant magnetic field were measured upon varying the temperature from 4.2 K to 7 K. The resulting ‫ܫ‬ ௌை் -ܸ characteristics of device C at zero magnetic field are shown in Fig. 4a . From these characteristics, the temperature dependence of the current ‫ܫ‬ ௌை் ሺܶሻ at a fixed bias ܸ = 0.04 V was derived (Fig. 4b) . The slope of the curve yields the thermal response of ‫ܫ݀‬ ௌை் /݀ܶ = െ12.46 μA/K at 4.2 K, which is essentially temperature independent up to 5 K and decreases in magnitude at higher temperatures. The white noise of the device at ܸ = 0.04 V was measured to be ܵ ூ ଵ/ଶ = 12 pA/Hz 1/2 giving rise to thermal noise of ܵ ் ଵ/ଶ = ܵ ூ ଵ/ଶ ‫ܫ݀|/‬ ௌை் /݀ܶ| = 960 nK/Hz 1/2 at ‫ܤ‬ = 0 T, comparable to the reported ultra-low thermal noise of Pb SOTs [40, 41] . Device B showed that the thermal response is essentially field independent. Measured at 0 T and 2 T the response was ‫ܫ݀‬ ௌை் /݀ܶ = െ4.19 μA/K and െ4.16 μA/K, respectively. The current noise of this device was <11 pA/Hz 1/2 up to 3 T giving rise to thermal sensitivity better than 2.7 µK/Hz 1/2 in an unmatched field range. A more detailed study of field dependence of the thermal response was carried out on two additional SOTs (devices D and E). Since the thermal response depends on ܸ (see Fig. 4a ), we tuned the ܸ to maximize the thermal response at each value of the applied field and measured the corresponding current noise. The resulting thermal noise of the SOT, ܵ ଵ/ଶ , as a function of magnetic field up to 5 T is presented in Fig. 4c . The thermal sensitivity of device D ‫ܫ(‬ = 30 μA, ∅65 nm) reaches 1 µK/Hz 1/2 and remains essentially constant up to 1 T followed by oscillating behavior. The increase in thermal noise above 1 T is caused by a drop in the critical current in this device at higher fields accompanied by oscillations. In the more sensitive field regions, however, the thermal sensitivity remains better than 2 µK/Hz 1/2 up to 4 T. Device E ‫ܫ(‬ = 11 μA, ∅77 nm) displayed thermal noise of 2.52 µK/Hz 1/2 at zero field, which gradually increases up to 3.8 µK/Hz 1/2 at 5 T.
In conclusion, we have developed a new technique of collimated differential-pressure magnetron sputtering for self-aligned fabrication of SQUID-on-tip devices. In contrast to the previous method of thermal deposition, this approach allows versatile use of a wide range of materials utilizing the welldeveloped standard procedures of sputtering of superconducting films, including NbN, MoGe, WSi, MgB2, and possibly even high-Tc superconductors. This advance is crucial for expanding the high-sensitivity nanoscale scanning magnetic and thermal microscopy techniques into new ranges of operating temperatures and magnetic fields essential for the study of magnetic phenomena and dissipation mechanisms in a wide variety of quantum systems, unconventional superconductors, and topological materials. Moreover, the developed technique has the potential for exploiting multilayer structures for new functionalities and characteristics of the SOTs. 
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